212 ABSTR ACT. Delaware Bay oyster (Crassostrea virginica) populations are influenced by two lethal parasites that cause Dermo and MSX diseases. As part of the US National Science Foundation Ecology of Infectious Diseases initiative, a program developed for Delaware Bay focuses on understanding how oyster population genetics and population dynamics interact with the environment and these parasites to structure the host populations, and how these interactions might be modified by climate change. Laboratory and field studies undertaken during this program include identifying genes related to MSX and Dermo disease resistance, potential regions for refugia and the mechanisms that allow them to exist, phenotypic and genotypic differences in oysters from putative refugia and high-disease areas, and spatial and temporal variability in the effective size of the spawning populations.
iNTRodUCTioN
Diseases of bivalve molluscs are noteworthy not only for their impact on population dynamics, especially of key commercial species, but also for characteristics that separate them from typical diseases affecting mammals and fish.
Most described bivalve diseases are of protozoan origin (Bower et al., 1994) and transmission is via the water column, as adult hosts are immobile. Transmission can occur over large distances and can be swift under favorable climatic conditions, resulting in rapid parasite proliferation and mass adult mortalities (Andrews and Wood, 1967; Lafferty and Kuris, 1993; Burreson and Ragone Calvo, 1996; Ford, 1996) . Throughout the region in which a disease is enzootic (see Box 1 for definitions of terms used in this article), most hosts are exposed and probably become infected, even though infections may be undetected (Bushek et al., 1994; Stokes et al., 1996; Culloty et al., 2003) .
Bivalves do not obey the classic Kermack and McKendrick (1927) disease model, which is based on hostto-host contact rate as the prime determinant of transmission. Bivalve molluscs are typically sessile, and individuals do not become resistant and develop immunity after becoming exposed in the standard "Susceptible, Infectious, Recovered" (SIR) models often used to simulate disease for vertebrate populations (Kermack and McKendrick, 1927; Ackerman et al., 1984; Hufnagel et al., 2004) . Epizootics in bivalve populations are controlled more by the environment than by host density.
Bivalves exhibit varying capabilities to develop genetically based resistance to disease caused by parasites (Haskin and Ford, 1979; Gaffney and Bushek, 1996; Ford et al., 2002; Nell and Hand, 2003;  Ragone Calvo et al., 2003) , but populations may maintain themselves as much by range contractions as by developing resistance. Disease-caused mortality of an estuarine bivalve frequently varies along spatial gradients, so that the population contracts to regions with less disease pressure (i.e., "disease refugia, " see Box 1). This may reduce host population size by limiting the area of available habitat. Furthermore, the lessened selection pressure (Box 1) will likely reduce the proportion of adults that have been exposed to disease and have been selected for resistance, and of dilute disease-resistant alleles (Box 1) that have been enriched by selection.
The eastern oyster (Crassostrea virginica) is plagued by two major diseases, Multinucleated Spore Unknown (MSX) and Dermo (Figure 1) , caused by the protozoans Haplosporidium nelsoni and Perkinsus marinus, respectively (Box 2).
Population abundance of eastern oysters is strongly influenced by these diseases (National Research Council, 2004) , and environmental fluctuations are a crucial influence on epizootics (Mackin, 1956; Haskin and Ford, 1982; Andrews, 1983; Burreson and Ragone Calvo, 1996) . Although some resistance is known to have developed in certain wild stocks (Haskin and Ford, 1979; Encomio et al., 2005; Brown et al., 2005) , it has not eliminated the stranglehold these diseases have on eastern oyster populations. While affected populations typically contract to environmental refuge areas that allow the persistence Allele: one of the variant forms of a gene or a genetic marker. Variation in inherited traits (e.g., shell color) results from different alleles. Alleles at microsatellite dNA markers are observed after gel electrophoresis as dNA fragments of different sizes.
Common Garden Experiment: different stock, lines, or strains of organisms are grown in the same environment ("garden") so that they experience the same conditions, including exposure to natural disease pressure. Performance can then be compared without confounding factors created by differences in environmental conditions. Disease Refugia: An area within the host range where disease is absent or sufficiently low to have little impact on the survival or reproductive success of susceptible individuals (i.e., exerts no selection pressure).
Effective Number of Parents (N b ):
An inferred or estimated number of parents that could account for the genetic composition of a cohort of spat that shows less genetic diversity than the adult population from which it arose. in populations with discrete generations, the sum of N b over all cohorts might be close to the effective population size (N e , see following definition), but in populations with overlapping generations, the relationship between N b and N e is more complex.
Effective Population Size (N e ):
The size of a mathematically ideal population that has the same rate of genetic drift or inbreeding as the actual population under study. An ideal population is unaffected by selection, has a stable census size (N) from generation to generation, a 1:1 sex ratio, and a binomial or Poisson distribution of the number of offspring contributed by individual adults; as a result of these conditions, N = N e in the ideal population, and properties, such as loss of genetic diversity owing to random genetic drift, can be precisely predicted. Actual populations depart from ideal ones in a number of ways, and population geneticists have devised ways of estimating N e either directly, from demographic data, or indirectly, from genetic data. The ideal condition most likely to be violated in oyster populations is binomial or Poisson variance in individual reproductive contribution (See Sweepstakes Reproductive Success).
Enzootic: Presence of disease without significantly increasing rates of mortality. Contrast to epizootic, which indicates a disease outbreak in an animal population that typically increases mortality rates.
Genetic Drift: Random changes in allelic frequencies, resulting from chance events in reproduction. Random genetic drift is stronger in populations with small effective population size, resulting in genetic differentiation among subpopulations over time.
Genetic Linkage Map: A map of genes or genetic markers based on the frequency of recombination between grandparental alleles. Suppose for two putatively linked genes, A and B, one crosses two individuals, AB//AB and ab//ab, where the slashes represent physical linkage on a chromosome; their offspring will all be AB//ab. for backcrosses of these offspring to either parental type, the proportion of recombinant offspring (e.g., Ab//ab or aB//AB) in the second generation is a function of the physical distance between the two genes. genetic distances are given in centimorgan (cm), and one cm equals 1% of recombinants between two linked markers.
Genotype:
The genetic makeup of an organism determined by its dNA sequence. for a given position on the chromosome (a locus), each diploid organism such as an oyster has two alleles (see above) that determine it genotype.
Heterozygote (adj.: heterozygous): An individual carrying two different alleles. Contrast to homozygote, an individual carrying two copies of an allele that is identical by descent or identical in state. The proportion of individuals in a population that are heterozygous at a particular marker or over a number of markers is known as the heterozygosity of the population.
Microsatellite DNA Markers:
Tandem repeats of short, simple dNA sequences (one to six base pairs) at particular places in a genome. As the number of repeating units is highly variable, microsatellite dNA markers are highly polymorphic and useful for making genetic linkage maps and in population studies.
Quantitative Trait Locus (QTL) (plural: loci):
A region of the genome that contains one or more genes controlling variation in a quantitative trait, such as growth or survival; the existence and location of these genes are inferred from statistical associations between genotypes at one or more markers on a genetic linkage map and from the value of the trait in the genotyped individuals.
Selection Pressure: The effectiveness of natural selection in altering the genetic composition of a population over a series of generations.
Sweepstakes Reproductive Success (SRS):
occurs when a small fraction of adults contributes the vast majority of new recruits, while the remaining adults contribute average numbers of, or no, offspring (Hedgecock, 1994) . As a result of SRS, the effective number of breeders (N b ) that produces a cohort of recruits may be much smaller than the standing number of mature adults in the population (N); over several years and generations, SRS would make the effective size of the population, N e (see above), a small fraction of average census size N. BoX 1. defiNiTioNS of imPoRTANT TeRmS ANd CoNCePTS of susceptible genotypes, resistance to MSX disease in Delaware Bay appears to be an anomaly that has allowed the native oyster population to develop a relatively high level of resistance. Oysters (and perhaps other highly fecund marine and estuarine fish and invertebrates) may undergo rapid genetic shifts resulting from successful reproduction by only a very small subset of the entire population (see definition of effective population size in Box 1; Hedgecock et al., 1992; Hedgecock, 1994) .
Under this scenario, the subset might be composed of highly selected individuals in a nonrefuge area, even if the majority of the population existed in the refuge.
For oysters, it is clear that environmental variability, including climate change, adds another dimension to factors controlling the host-parasite interaction.
Understanding how host genetics, population dynamics, and environment interact with disease organisms to structure host populations, and how climate change may interact with these interrelated phenomena, is critical to the development of management and restoration strategies for the severely depleted eastern oyster stocks along the US east coast (Coen and Luckenbach, 2000) .
Present understanding of host-parasite interactions is inadequate to address issues of climate change impacts on marine and estuarine invertebrates. Thus, the first emphasis must be on understanding the ways that disease structures host populations and the mechanisms Note the creamy appearance of the healthy oyster, which is due to the accumulation and storage of glycogen, vs. the emaciated, glassy appearance of the diseased oyster, which has been unable to accumulate glycogen. The dark-colored digestive gland is visible through the almost transparent flesh of the diseased oyster. (C) A stained section of two mSX plasmodia showing the multiple nuclei that gave the parasite its name (multinucleated Sphere Unknown). Note the oyster blood cell to the right of the larger plasmodium. (d) A group of mSX spores. during sporulation, the thick-walled, capped spores are formed around each nucleus in a plasmodium. Spores are presumed to be a transmission stage, but are rarely produced in adult oysters. (e) A squash of oyster tissue heavily parasitized by the dermo parasite. The tissue has been incubated in a solution that promotes enlargement of the parasites and then stained so that they appear black. (2) the role of disease refugia in Both dermo and mSX diseases are caused by water-borne protozoan parasites that can be lethal to oysters, but are harmless to humans (figure 1). They belong to two separate groups of microorganisms that infect marine organisms worldwide.
The dermo parasite, Perkinsus marinus (formerly Dermocystidium marinum), was first discovered in the gulf of mexico in the mid 1940s, but it had probably been present for many years before it was identified as the cause of oyster deaths (mackin et al., 1950) . Shortly thereafter, it was found as far north as the lower Chesapeake Bay. for many years, dermo disease was restricted primarily to the region extending from the lower Chesapeake along the southeastern United States and gulf coasts. Beginning in the mid 1980s, coincident with a warming trend, dermo disease outbreaks occurred progressively farther north (ford, 1996) . in 1990, an epizootic began in delaware Bay. from 1990 through 1992, disease outbreaks occurred as far north as Cape Cod, and in 1995, oysters in southern maine were found to be infected. Perkinsus marinus is transmitted directly between oysters, and it is likely that its northward spread was aided by historical transplantation of infected southern oysters to replenish depleted northern oyster beds.
The agent of mSX disease, Haplosporidium nelsoni, is a parasite of the Pacific oyster, Crassostrea gigas (Burreson et al., 2000) . most Pacific oysters appear to be resistant to mSX disease because infection prevalence is low and results in no reported mortalities. The parasite was introduced to the east Coast of the United States, where it found a new and highly susceptible species, the native eastern oyster, Crassostrea virginica. The first mSX outbreak, in 1957, was recorded in delaware Bay (Haskin et al., 1966) . Within two years, 90 to 95% of the oysters on the leased grounds had died. Between 1959 and 1962, the parasite was found in oysters from the Chesapeake Bay, where it also caused heavy losses, to long island Sound. it is now present from maine to florida, although most oyster mortalities occur in the mid-Atlantic and in New england (Burreson and ford, 2004) . direct oyster-to-oyster transmission of H. nelsoni has never been demonstrated and another host may be necessary for the parasite to complete its life cycle.
Temperature and salinity are the primary physical controls on the parasites, driving both seasonal and longer-term cycles (ford and Burreson and Ragone Calvo, 1996) . Both parasites are most active at elevated temperature and salinity. oysters are much less likely to become infected, or to develop lethal infections, when they are in low-salinity waters. Therefore, selective mortality, which removes the most susceptible individuals, is reduced in the upper reaches of estuaries such as delaware Bay. These low-salinity regions can be considered refuges from disease. Shortly after the initial mSX disease epizootic in delaware Bay, enhanced resistance to mSX-caused mortality was observed in the native oyster population, but it failed to increase thereafter ( figure 3B ). The most likely explanation is that after the 1957-1959 epizootic, most of the surviving oysters were in low-salinity refugia where they were protected from sustained selection and continued to contribute susceptible progeny to the population. This situation persisted for nearly 30 years until the droughtassociated 1984-1986 epizootic temporarily eliminated this refuge, killed a large fraction of the population, and led to a major increase in the level of resistance to mSX disease. Today, it is rare to find a native oyster with mSX disease in delaware Bay, although susceptible oysters from other locales rapidly succumb to the disease, indicating the pathogen remains prevalent. This estuary-wide response to mSX appears to be unique to delaware Bay. Unfortunately, dermo disease is now widespread, causing chronic mortality, and there is little evidence that the oysters are developing resistance. (Hedgecock et al., 2008) , disease processes (Hofmann et al., 1995; Powell et al., 1996; Ford et al., 1999; Powell et al., 1999) , and post-settlement Hofmann et al., 1992) and larval (Dekshenieks et al., 1996 (Dekshenieks et al., , 1997 The arrow denotes both the salinity gradient over which oysters are typically found in the estuary and the relative intensity of disease pressure, which increases with salinity along that gradient. Historically, oysters were transplanted from the natural beds to the leased beds for growth and conditioning before market; however, high mortality caused by disease in the lower bay has limited this practice in recent years, and most oysters are marketed directly from the natural beds. from oysters in the upper bay . At this time, MSX, which was particularly prevalent in the lower bay ( Figure 3A) , spread into the upper bay. By the end of 1986, it had caused 70-75% mortality of the oysters in what had been a low-salinity disease refuge. After this drought-associated epizootic, MSX disease prevalence fell dramatically ( Figure 3A ) and has never regained its preeminence in population control, yet oysters with no history of selection by MSX disease continue to become heavily infected and experience high mortality when exposed in the bay.
The circulation model is based upon the Regional ocean modeling System (RomS; Shchepetkin and mcWilliams, 2005; Haidvogel et al., 2008;  http://myroms.org) configured for the delaware River and estuary, and the adjacent continental shelf out approximately to the 60-m isobath. The model has subkilometer horizontal resolution over the entirety of the bay, and employs 20 bathymetry-following vertical levels. Bathymetry for the model was from the National geophysical data Center (NgdC) Coastal Relief model (http://www. ngdc.noaa. gov/mgg/coastal/coastal.html).
The delaware Bay model is forced by atmospheric, riverine, and coastal tidal inputs. Air-sea fluxes are calculated using bulk formulae (fairall et al., 2003) applied to three-hourly reanalysis air temperature, pressure, humidity, and winds obtained from the North American Regional Reanalysis (mesinger et al., 2006) . freshwater inputs are prescribed for six rivers (figure 7) from US geological Survey gauge measurements. Variability in sea level and barotropic velocity at the continental shelf open boundaries is specified using tidal harmonics from a regional model (mukai et al., 2001) , employing the flather (1976) method and assuming no mean inflow or outflow. orlanksi-type radiation conditions determine the open boundary tracers and baroclinic velocity. All tracer advection is determined by the multidimensional positive definite advection transport (mPdATA) algorithm (Smolarkiewicz and Szmelter, 2005) , which is important for accurate simulation of tracer (e.g., temperature and salinity) evolution.
Simulations are initialized at rest and with an unperturbed sea surface. The initial salinity field is vertically uniform (well mixed) and has an along-bay pattern following the climatology of Whitney and garvine (2006, figure 4 ). lastly, the initial temperature field is taken to be everywhere constant at a seasonally appropriate value. Subsequent integration of the model simulation shows rapid (twoto three-day) adjustment away from these initial conditions. BoX 3. delAWARe BAy CiRCUlATioN model Note that after the 1957-1959 epizootic, mortality declined, but prevalence remained high except during brief periods associated with cold winters. it was not until after the second epizootic that prevalence also declined. data to construct the timeline of mSX infection (panel A) are from the long-term records of the Rutgers University Haskin Shellfish Research laboratory on the delaware Bay oyster population.
Although some resistance had developed in the native stock after the initial epizootic in 1957-1959 ( Figure 3B ), it did not measurably improve thereafter, probably because the vast majority of surviving adults were in the lowsalinity refuge of the upper Delaware Bay (Haskin and Ford, 1979) . Evidently, the animals that repopulated the bay A second aspect of the study is to understand the mechanisms that prevent selection and allow susceptible oysters to survive in putative refugia. Is it because low salinity prevents the parasite from developing lethal infections or is it because the parasite is simply not present in the refuge? We are comparing traditional histological and culturebased diagnostic methods with sensitive molecular assays to help differentiate between these two possibilities. If we find that the molecular assays are positive but traditional methods show no evidence of infections, or perhaps only very light infections, we can infer that the parasite is present in the refuge, but that it is not able to develop infections.
If we obtain negative results from both types of assays, we can infer that the refuge exists because the parasite is not present or not sufficiently abundant to be detected by even very sensitive assays.
The surveys for parasite presence versus infection development showed that refugia are structured by both factors. In most months, we found little evidence that the MSX parasite was present at the uppermost sites (Hope Creek and Round Island beds and the Cohansey River, Figure 4A ). At some sampling times during dry periods, however, we did find both molecular and The parasite was present at much lower frequencies at the sampled sites outside this region. Stars also represent sites where oysters were obtained to produce stocks exposed to mSX disease pressure in a common garden experiment (large yellow circle). Note that susceptible oysters from maine, which have not experienced selective mortality, produced the "control" stock. The upper right inset shows the prevalence of mSX infections in August 2008 and represents similarities and differences among tested groups. The mortality differential associated with the August 2008 prevalence is shown in the lower left insert. Note that all delaware Bay groups had considerably lower prevalence (especially of advanced infections) and mortality compared to the control oysters from maine, but that the Cohansey River oysters-outside of the hatched area-had the highest prevalence and mortality of the delaware Bay oysters tested. (B) locations in delaware Bay sampled to compare genetic characteristics of adult oysters in putative disease refugia with those in high-disease regions. Spat (newly set oysters) were also sampled at sites denoted by stars to estimate the effective population size of the parent oysters that produced them. The hatched area encompasses the sites at which adult oysters were genetically similar. oysters at three sites (Cohansey River, leipsic River, and Hope Creek) were genetically different from oysters at the main bay sites and from each other. estimates of the effective number of parents varied considerably in time and space over the three years of sampling. map disease-resistance genes/markers, and to determine their frequency distribution in Delaware Bay oysters from different sites.
Disease-resistance markers were identified based on their association with resistance phenotypes using two approaches. First, a family-based association study was conducted with hatcheryproduced oysters to identify markers that show significant frequency shifts after disease-caused mortalities (Yu and Guo, 2006) . Disease-resistant (R) and susceptible (S) strains were crossed to produce F1 hybrids (RS), which were subsequently used for making backcross (RS x SS) and F2 (RS x RS) hybrid families so that disease-resistance genes were segregating in the progeny. The families were then deployed in the field, where they were exposed to MSX and Dermo parasites. These oysters were sampled before and after disease-caused mortalities and genotyped at hundreds of genetic markers (Wang and Guo, 2008) . Markers that showed significant frequency shifts were identified and positioned on genetic linkage maps.
The genetic markers that showed significant frequency shifts after diseaseinflicted mortalities were closely linked to each other and formed clusters on the genetic linkage maps ( Figure 5 ). The clustering of affected markers suggests that the frequency shifts are not random but caused by linkage to common disease-resistance genes. Therefore, affected markers in each cluster are considered disease-resistance markers that identify a region where a diseaseresistance gene resides. In one of the families studied, 24 clusters of diseaseresistance markers were found on 10 chromosomes (recent work of authors Wang and Guo).
Field mortalities of oysters can be
Salinity is known to modulate the prevalence of infection by both mSX and dermo parasites. Because the mSX parasite is highly sensitive to low salinity, histologically detectable infections are rarely found in oysters at salinities of 10 or less, and salinities of 15 inhibit the development of lethal infections. The dermo parasite is much more tolerant of reduced salinity and can persist at salinities as low as 3 (Chu et al., 1993) , although low salinity reduces the number of lethal infections. Before the 1984-1986 selection event, the prevalence of mSX showed a gradual reduction from high to low salinity ( figure B4-1) . The prevalence of dermo infections instead remains elevated until the average salinity is below 12, when it abruptly decreases ( figure B4-1) . Thus, refuges from selection by the two diseases in delaware Bay are likely to be spatially different. Sampling sites chosen to document the existence of refugia and to investigate how they are maintained were based on historical disease prevalence and mortality data on major oyster beds and presumed refuge status of beds several miles upriver in tributary rivers supplying the upper Bay. These putative refugia were compared with sites in the lower delaware Bay known to experience high disease pressure on a continuing basis.
BoX 4. SAmPliNg deSigN foR ASSeSSiNg PoTeNTiAl RefUgiA figure 5. identification of disease-resistance dNA markers in the eastern oyster through family-based association mapping. markers are listed on the right of the chromosome, and genetic distances (cm) are on the left. markers showing significant post-mortality shifts in genotype frequency are indicated with asterisks, ranging from one for p < 0.05 to eight for p < 0.00001. RUCV183, a microsatellite derived from expressed sequence tags, in the center of the cluster is a marker closely linked to a disease-resistance gene.
figure B4-1. long-term mean prevalence of mSX (1958-1980) and dermo (1990-2005) The effective number of parents, N b , is variable among sites and years, but in the same range (535-1517) as previously reported for the James River in Chesapeake Bay (Rose et al., 2006 The NSf Biocomplexity in the environment, genomically enabled environmental Science initiative provided funding to develop an individual-based genetics model for oysters as part of a research program focused on genomic approaches to understanding recruitment success. This model (Hedgecock et al., 2008) couples genetic structure to physiology, and ultimately to population dynamics, and consists of modules that simulate mortality and reproduction of the post-settlement oyster population, mortality during the planktonic larva phase, and the genetic structure of individual animals. The genetics component of the model is based on 10 pairs of chromosomes (the number of chromosomes in the oyster), each having a selection of genes with multiple alleles. The population is described by the allelic structure of each individual and simulates the fate of individual genotypes. The genetic structure of a new individual is acquired from its parents and is modified by mutations and chromosome crossovers. matings produce offspring of mixed allelic structure determined by the chance pairing of female and male-derived chromosomes, modulated by crossing over. A mutation rate is based on the number of cell doublings required to reach spawning from a set of primordial germ cells. The success of any fertilized egg is based on: (1) chance of death, independent of genotype, (2) death due to lethal mutations, and (3) the presence of alleles that increase the likelihood of survival. Alleles are created by mutation and lost by genetic drift. Some alleles increase in frequency due to positive influences on fitness; others decrease in frequency due to negative influences on fitness. The gene-based model was developed using data sets collected for Crassostrea gigas.
The genetics model successfully simulates the fraction of genes carrying "lethal" alleles (high for highly fecund organisms, such as oysters), sweepstakes reproductive success, the anticipated trends in effective population size, allele loss through drift, and variation in heterozygosity for neutral alleles (Hedgecock et al., 2008) .
Configuration of the model to reflect the distribution of diseaseresistant genes can be used to estimate the rate of increase in disease resistance given a rate of disease-caused mortality. The model can be used to estimate the potential of hatchery-based seed or introduction of adults with particular traits to move the population genotype toward increased disease resistance. Coupling to a hydrodynamic model allows investigation of the interaction of larval import rate and location in establishing disease-resistant genotypes to enhance oyster revitalization efforts.
BoX 5. iNdiVidUAl-BASed geNeTiCS model of genetics and larval growth models (e.g., Bochenek et al., 2001) 
THe delAWARe BAy CiRCUlATioN model
The Delaware River estuary is a weakly stratified to well-mixed system in which tidal forcing predominates over the influence of freshwater input and winds.
The salinity field is observed to vary systematically along-estuary ( Figure 2) , with values in the upper estuary ranging from 0 to 3, increasing down-estuary to 29 to 30 near the bay's mouth. The lower estuary displays transient salinity stratification, generally strongest following maximum river discharge in the spring (Garvine et al., 1992) . Few long-term mooring deployments have been conducted in the Delaware River estuary and, consequently, a detailed picture of the structure of its estuarine circulation is lacking. Based on limited surface drifter data, Wong (1994) (1984-1985, 2000-2001, and 2005) for which high-quality observational data records could be obtained. figure 7 . The observing period is may 12 through November 30, 2000. The Taylor diagram is based on calculations of the square root of mean square difference (RmSd) between the model and the data. The RmSd is composed of the bias, which is the difference between the means of the two fields and the centered-pattern RmSd, which represents differences in variability. The centered-pattern RmSd is further decomposed into differences in the phase and standard deviations of the model and observed data time series (oke et al., 2002) . The normalized standard deviation of the model result is the radial distance from the origin, the correlation of the two distributions is the angle from the x-axis, and normalized centered-pattern RmSd is the distance between the data symbol at location [1, 0] on the x-axis (red star-reference point) and each model symbol. Bias in the simulated temperature and salinity is shown by the color bar. (Dekshenieks et al., 1996) .
Oyster larvae, especially in their later stages, respond to increasing salinity by swimming up in the water column, and to decreasing salinity by falling (Haskin, 1964; Haskin and Hidu, 1978; Kennedy and van Heukelme, 1986; Mann, 1991) .
Particles were released at five-day intervals from mid-June to mid-September, when oyster larvae are likely to be present, at locations that correspond to known oyster beds in Delaware Bay ( Figure 2) . The simulated larvae grow and develop in response to local temperature, salinity, and specified food conditions using the model in Dekshenieks et al. (1993 Dekshenieks et al. ( , 1997 . The larval particles were tracked until they reached a size sufficient for metamorphosis and setting, which was about 30 days for the simulated temperature and salinity conditions and prescribed constant food distribution (4 mg food L -1 ). The simulated Changes in circulation due to modifications in wind fields, freshwater inputs, and bathymetry (i.e., deep channels), for example, have the potential to change the source and destination regions for oyster larvae. Climate change in the US Mid-Atlantic region is projected to produce warmer and wetter conditions (Najjar et al., 2000) . The climate-induced changes may result in lower salinity and hence lower disease levels. However, there are trade-offs with stresses imposed on oyster physiology, as well as alterations in food supply at lower salinity, that may negate the benefit from reduced disease levels at low salinity.
A potential counter to low salinity from climate is increased salinity from deepening the Delaware Bay ship channel (see reports listed at: http:// www.nap.usace.army.mil/cenap-pl/ drmcdp/econreanal.html). Higher salinity may promote development of more oyster reef area (e.g., Powell et al., 1995) , change the effects of disease mortality (Dekshenieks et al., 2000) , or change the oyster population structure (Klinck et al., 2002) . How these various environmental changes interact, and the consequences for Delaware Bay oyster populations, remain to be determined.
One clear result from the larval dispersion simulations is that a portion of the Delaware Bay oyster larvae population is exported to the coastal ocean, and that this portion varies with the circulation characteristics and larval source region.
The exported larvae provide a mechanism for transporting particular genotypes to other systems. Thus, the selection processes that occur in Delaware Bay potentially have wider-reaching effects. Furthermore, to be effective, managers will need tools to simulate the consequences of various management strategies, which may require development of alternative model structures that include explicit socio-economic outcomes.
As our basic understanding of oyster disease dynamics in Delaware Bay develops, we are in a better position to recommend management strategies for this system, but major questions remain. 
